We used fractography to evaluate morphology of fractures across mono-and multi-component system coatings deposited by PVD technology to the steel substrate. Nanoindentation measurements with dynamic loading were carried out on deposited layers of TiN and AlTiCrN type in order to verify their deformation behaviour. The qualitative and quantitative analysis of metal and non-metal elements across the deposited layers was carried out by GDOES (Glow Discharge Optical Emission Spectroscopy) technique. On the basis of obtaining the results we evaluated structural, mechanical and chemical properties of the deposited types of coatings and recommended their use in practice.
Introduction
Hard coatings play an important role in industry for improving tool lifetime and performance. A variety of hard coatings are widely used in the tool industry, mainly to reduce friction and to increase wear resistance. One of the mostly used and studied coatings to date is TiN, which has beneficial properties including high hardness, low friction, and chemical inertness [1] . The statistics based on observation of German market indicate an unmistakable trend of replacement of the "outdated" TiN and TiCN layers by layers based on TiAlN. The increasing proportion of layers based on TiAlN is a logical consequence of their basic properties and requirements of industry. The HV hardness of the originally developed and historically oldest TiN reaches 23 GPa and their maximum working temperature is 600°C, while the TiCN layers reach a hardness of 35 GPa but their maximum working temperature is only 450°C. The layers based on TiAlN exhibit high HV hardness up to 33 GPa and their maximum working temperature may sometimes exceed even 800°C, thus fulfilling the two most important requirements for industrial applications, i.e. high abrasion resistance and chemical stability at high temperatures [2] . However, if the industrial applications require very hard coatings with increased thermal and chemical stability, then even the common layers based on TiAlN or AlTiN do not suffice. Multicomponent coatings based on different metallic and non-metallic elements combine the benefit of individual components leading to a further refinement of coating properties. Metastable TiAlN materials not only exhibit superior high temperature oxidation resistance compared to TiN and better cutting behaviour enabling the use of higher cutting speeds, but also very interesting physical properties [3, 4, 5] . Some TiAlN layers are supplemented with additional elements, such as Cr, Y, Zr, Hf and similar. These additives, when used in small quantities, affect positively the structure of layers, namely by improving their oxidative properties, refining the structure and upgrading the adhesive properties and thus contributing to better industrial properties [6, 7] . This involves multilayers and gradient and nanostructure layers, each of the layers having a specific function -thermal, adhesive and oxidative resistance and strength. The motivation to infiltrate into production cutting applications, involving high production of heat, and into "dry" applications, is based on promises of high ecological and economical contributions [8] . This is related to potential increase in service life of various substrate materials based on increased resistance to corrosion and mechanical influences of the environment.
Experimental procedure
We compared two types of coatings deposited by Arc-PVD method to steel substrate made of machined steel (Cr-Mo-V) produced by powder metallurgy (PM). We deposited a conventional mono-component TiN layer and a multi-component AlTiCrN coating. Both coatings were subjected to fractographic analysis employing an SEM technique with EDS that was performed on the fracture surface after bending test. The surface of fractures was examined macroscopically and microscopically. An advantage of SEM compared to SM is a higher-order resolution and great-depth definition which allow one to observe surface unevenness even at high magnifications. A part of evaluation of deposited layers was determination of their hardness in the direction from the surface toward the substrate. With regard to increasing requirements for evaluation of materials surface, namely layers with decreasing thickness, it is necessary to abandon the evolution of conventional microhardness technique and instead of evaluating the size of the imprint after indentation to focus on the indentation curve. This is the reason why we evaluated the coating hardness by a dynamic nanoindentation technique which is used extensively to characterise the mechanical behaviour of materials on a small scale [9] . A nanoindenter is a testing machine with high resolution that allows one to measure properties on sub-micro and nano-scale [10, 11] and serves particularly as a primary technique for determination of mechanical properties of thin layers and small construction parts [12, 13] . The attractivity of this method is based on the fact that mechanical properties of very thin layers and materials with prevailing elastic deformation can be ascertained directly from the indent/imprint that cannot be observed by optical means. The loading force and position of the indenter is continuously monitored and recorded throughout the indentation cycle. The thickness of PVD layers ranges from a few nanometres to several tens of micrometers, therefore one must ensure that during the measurement of hardness the indenter tip penetrates to a maximum depth of 1/10 of the layer thickness. The nanoindentation testing of both coatings was performed using an equipment TTX-NHT from CSM Instruments, Switzerland. We used a Berkovich indenter (a three-sided pyramid) operated in a dynamic sinusoidal mode with a maximum load of 400 mN and loading rate 800 m. .min -1 . The results were processed by the method of Olivera and Pharr [8] which allowed us to calculate indentation hardness (H) and Young modulus of elasticity (E). The dynamic mode enabled to measure the values continuously during loading and record them as a function of the relevant indentation depth. This method is suitable for characterisation of coatings and thin layers as it enables to observe and, provided that some conditions are met, to separate values corresponding to layers and to the substrate. A minimum of 20 indentations was made on each specimen and the results were processed statistically. The qualitative and quantitative analysis of metal and non-metal elements in the cross section of deposited coatings was carried out by GDOES (Glow Discharge Optical Emission Spectroscopy) technique using an optical emission spectrometer with glow discharge GDS-750. We obtained an in-depth concentration profile − a graphic documentation of concentration changes of selected elements up to the depth of 100 µm. The accuracy of recalculation of the time axis to concentration profile axis is given by determination of accurate de-dusting rate of individual calibration standards. Due to the measurement of multi-component structures one assumes some errors in these calculations. There is no general procedure for elimination of inaccuracies and one must proceed from one case to another [14] . The selection of individual wavelengths for analytical purposes is subject to several steps that were discussed by the cited authors [14, 15] .
Results and discussion
The aim of the study was to use fractography to evaluate qualitatively-quantitatively the thin mono-and multilayer coatings deposited onto steel substrate and to verify their deformation behaviour at dynamic loading. Figs. 1 and 2 show cross-section fractures of systems layer/steel substrate and EDS analysis of the coatings. The thickness of TiN layer was approximately 3000 nm and that of AlTiCrN layer approximately 2300 nm. The figures show continuous and compact layers with excellent adhesion properties. This is confirmed by the coating/substrate interface which does not exhibit any failures or cracks in both cases. The substrate has a pit-like appearance which is typical of the structure of steel prepared by powder metallurgy while the deposited layers have columnar morphology, consisting of the so-called columnar crystals, considerably larger in the TiN layer. In the monolayer, the analysis unambiguously showed presence of titanium nitride while in the multicomponent layer chromium nitride, the compound with high hardness and resistance to wear, was found at the highest concentration on the surface, followed by AlN/TiN with thermal-oxidative resistance and in depth of about 1900 nm, close to the coating/substrate interface, we observed increased concentration of Ti, i.e. the layer with good adhesive properties. Its function consisted in compensation of stress and tension at the coating/substrate interface and in acting as a barrier against development of cracks. Nanoindentation testing determined also surface hardness which reached 26.1 GPa for TiN layer and, 47.7 GPa for AlTiCrN layer and 13.6 GPa for the substrate. Fig. 5a ) shows the course of hardness in the direction from the coating surface towards the substrate with stress on not exceeding 1/10 of the total coating thickness in order to eliminate the influence of substrate. This was in agreement with the requirements of the international standard for determination of the hardness of coatings [16] . The presence of Al and Cr in the AlTiCrN layer resulted in the expected increase in hardness compared to the TiN layer by 20 -10 GPa. With decreasing hardness, the modulus of elasticity decreased proportionally in both cases and it was interesting that despite lower hardness of the TiN layer the modulus of elasticity E of this layer was higher compared to the AlTiCrN layer, Fig. 5b) . With respect to the 1/10 layer thickness requirement (for TiN ~ 300 nm and for AlTiCrN ~ 230 nm), modulus of elasticity reached only 323 GPa in the AlTiCrN layer and 380 GPa in the TiN layer. The course of curves at the additional loading of the indenter was affected considerably by the substrate and approached behaviour of the base material. On the contrary, the course of hardness and elastic modulus of the base material was constant, which is indicative of respective steel structure, as described in the work [17] .
Element
Many studies are available dealing with deformation mechanisms of thin layers by means of nanoindentation technique because many different factors may affect the coating and the substrate at loading. Previous studies showed that hardness and Young modulus of coatings depended on various factors, such as yield point, adhesion, layer thickness, internal structure and density of layer and, obviously, the geometry of the indenter [3, 18, 19] . The obtained information allowed us to state that lower values of "E" for AlTiCrN coating may be related to composition and internal structure of the deposited layers and morphology of grains/crystallites. Arrangement of crystallites in layers of both types is visible in fracture cross sections of systems, see Figs. 1 and 2 . The cross section of TiN layer shows long columnar grains while cross section of AlTiCrN contains smaller columnar grains with the lamellar arrangement in the direction from the surface towards the substrate: layers CrN, AlN/TiN and TiN. Lower elastic modulus "E" of the multilayer coating most likely results from the arrangement of individual layers and concentration of elements across its thickness. Both the layers fulfilled the purpose, i.e. produced a protective layer on the surface of the steel substrate which exhibited good adhesive and mechanical properties. Due to higher hardness and thus also higher resistance to wear and thermal-oxidative influences, the AlTiCrN layer has more universal use in practical applications.
Conclusions
Two types of coatings -TiN and AlTiCrN -deposited by PVD technology to PM steel substrate were analysed and documented by fractographic and nanoindentation methods and by emission spectroscopy.
• Examination of cross-section fractures of the system layer/steel substrate indicated that the deposited layers were continuous and compact and had excellent adhesive properties. The interface between the layer and the substrate was free of any failures or cracks in both cases. Morphology of layers was based on columnar crystallites/grains. The grains were longer in the TiN layer in comparison with the AlTiCrN layer and their size corresponded to the thickness of lamellar layers located one above another. EDS method was used to carry out semi-quantitative analysis of the elements present.
• The EDS analysis of present elements corresponded well with the in-depth concentration profile always down to the substrate. GDOES analysis allowed us to determine the concentration of elements in any depth of the coating and, of course, the thickness of the deposited layer with sufficient accuracy.
• According to expectations, nanoindentation measurements revealed higher surface hardness of the layer AlTiCrN (47.7 GPa) resulting from the presence of Cr and Al in its composition; the TiN layer exhibited somewhat lower hardness (26.1 GPa) and the hardness of the PM substrate used reached 13.6 GPa.
• With decreasing hardness the elastic modulus decreased proportionally and it was interesting that that despite lower hardness of the TiN layer the modulus of elasticity E of this layer was higher compared to the AlTiCrN layer. These results allowed us to state that lower values of "E" in case of the AlTiCrN coating could be related to chemical composition, internal structure of deposited layers and morphology of grains/crystallites. Lower elastic modulus "E" of the multilayer coating most likely resulted from different arrangements of individual layers and concentration of elements across its thickness.
